A mechanistic understanding of how new phenotypes develop to overcome the loss of a gene 24 product provides valuable insight on both the metabolic and regulatory function of the lost gene. 25
Introduction 44
The flux split between upper glycolysis and the oxidative pentose phosphate pathway (oxPPP) 45 at the glucose 6-phosphate (G6P) node is a major determinant of the flux state of a cell's core 46 metabolic network.
Loss of Phosphoglucose Isomerase (PGI), encoded by pgi, induces 47 detrimental physiological consequences (1) (2) (3) (4) (5) . Removal of pgi generates an imbalance in 48 glycolytic intermediates from the loss of upper glycolytic flux that leads to a loss of fitness, and 49 induces a sugar phosphate stress response. The sugar phosphate stress response involves the 50 actions of both small RNAs (sRNAs) and transcription factors (TFs) that induce transcription 51 level changes aimed at alleviating the imbalance (6-8). Removal of pgi also generates an 52 overabundance of NADPH and redox imbalance by redirecting glycolytic flux into the oxPPP. 53 NADPH provides reducing equivalents for biosynthesis of lipids, cholesterol, and other 54 macromolecules. In addition, NADPH plays an important role in reactive oxygen species (ROS) 55 detoxification by regenerating reduced glutathione (gthrd) (9). Increased availability of NADPH 56 in pgi-backgrounds has proven useful in various biotechnology applications in order to increase 57 cofactor and heterologous pathway production (1, 2, 10) . 58 59 Adaptive laboratory evolution (ALE) of pgi mutants have been carried out to better understand 60 the physiological changes required to overcome genetic perturbation (3, 4) .
ALE is an 61 experimental method that introduces a selection pressure (e.g., growth rate selection) in a 62 controlled environmental setting (11-13). Using ALE, organisms can be perturbed from their 63 evolutionary optimized homeostatic states, and their re-adjustments can be studied during the 64 course of adaptation to reveal novel and non intuitive component functions and interactions 65 (14) . Previous ALEs of pgi mutants have demonstrated a re-wiring of central metabolic fluxes 66 (4) and diversity in endpoint physiological phenotypes (3).
The diversity in endpoint 67 physiological phenotypes is directly attributed to the existence of alternate optimal metabolic 68 and regulatory network states that can achieve the same physiological function (3). However, 69 the mechanisms and coordination of the regulatory and metabolic network required to produce 70 physiologically distinct, yet fit, phenotypes is not well understood. In addition, these studies 71 were conducted with a starting strain that was not previously optimized to the growth conditions 72 of the experiment. This confounds the interpretation of the experimental results because 73 adaptations to the growth conditions and loss of the gene occur simultaneously. 74
75
The consequence of the loss of a major metabolic gene can be studied at the systems level 76 through the integration of multi-omics data sets (i.e., metabolomics, fluxomics, proteomics, and 77 transcriptomics) to gain deeper insight into the function of the gene in the context of the 78 biological system as a whole. Previous work has found that the metabolic network is robust to 79 perturbations through adjustments made at the regulatory level that coordinate re-routing of flux 80 with enzyme level (5, 15) . While these studies reveal insights to the immediate response of 81 gene loss, the adaptive changes required to overcome the loss were not explored. In addition, 82 improvements in -omics data acquisition and analysis methods could improve and reveal new 83 relationships between changes in -omics data at one layer of the system to another. 84
85
In this study, a combination of experimental design (i.e., starting with a strain that was pre-86 evolved on glucose M9 minimal media) and systems analysis from multi-omics data was used to 87 mechanistically investigate how multiple phenotypes can overcome the loss of pgi. First, the 88 reduction in fitness after the pgi KO was found to be attributed to malfunctions in the regulatory 89 and metabolic network that were incapable of handling the redox and glycolytic intermediate 90 metabolite imbalance induced from major shifts in central metabolic flux. Second, all evolved 91 pgi KO lineages regained a substantial portion of fitness, but displayed unique physiologies. 92
Third, the recovery in fitness was made possible by mutations that were selected for by ALE 93 that altered the transcription regulatory network (TRN) and metabolic fluxes to alleviate the 94 5 redox and sugar phosphate imbalance. These regulatory and metabolic alterations were unique 95 across all endpoints, which lead to the emergence multiple optimal phenotypes. 96 6 Results 97 Diversity in ALE endpoint phenotypes points to multiple optimal 98 selection outcomes 99 To eliminate the confounding variable of adaptation to the growth conditions of the experiment, 100 a wild-type E. coli K-12 MG1655 strain previously evolved under glucose minimal media at 101 37°C(16) (denoted as "Ref") was selected as the starting strain ( Fig. 1A ). This selection was 102 made to separate changes caused by adaption to the loss of a gene product from those caused 103 by adaption to the growth conditions of the experiment. 104 105 PGI (pgi, phosphoglucose isomerase) was removed from Ref to generate strain uPgi (denoted 106 "unevolved pgi knockout strain") ( Fig. 1B) . The loss of pgi resulted in an 81% loss in growth 107 rate ( Fig. 1 C, D) . Eight uPgi independently inoculated starting cultures were simultaneously 108 evolved on glucose minimal media at 37°C in an automated ALE platform (16, 17) denoted 109 "evolved pgi knockout strains" or "ePgi" (Fig. 1C) . A statistically significant increase in final 110 growth rate (Student's t-test, pvalue<0.05) was found in all ALE endpoints of the ePgi lineages 111 (ave±stdev 284±20% increase in growth rate) compared to uPgi ( Fig. 1D (Table S3 ); transcriptomics was used to 146 quantify the relative shifts in genes targeted by transcription factors (Table S4 -5). All measured 147 glycolytic and PPP intermediates changed significantly in uPgi compared to Ref (Fig. 3 , Table  148 S3). In particular, an approximate fivefold change in glucose 6-phosphate (g6p) was found in 149 uPgi compared to Ref (Fig. 4 ). Abnormal elevations in g6p and an imbalance of the glycolytic 150 intermediates in uPgi were found to induce the sugar phosphate toxicity response transcription 151 factor (TF) SgrR(6-8). SgrR is thought to bind hexose phosphates and induce the expression 152 of the small RNA sgrS (6-8) ( galP, and mglBAC that encode enzymes for galactose catabolism, symport, and ABC transport, 209 respectively (40) . These operons are also regulated by CRP-cAMP, and were not expressed in 210 11 Ref. The galactose importers have lesser affinity for the transport of glucose, which may give 211 ePgi07 an additional route to import and catabolize glucose from the environment. In addition, 212 the mutation may have aided in conserving pep for aromatic amino acid production, which was 213 limiting fitness in all of the pgi strains (as discussed previously). We thank José Utrilla for helpful discussion and guidance when implementing the knockouts in 345 the pre-evolved strain. We thank Jamey Young for helpful discussions throughout the MFA 346 analysis. We thank Laurence Yang for helpful discussions regarding optimization and statistical 347 analysis. 
